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RF Mixer Diodes
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Abstract—This paper presents the fabrication and charac- sired incoming signalfj). Since the second-order IMD prod-
terization of silicon carbide (SiC) Schottky-barrier mixer diodes ycts arise at frequenci¢g; — f2) — fro and(f> — f1) — fro,

of 25- and 50pm diameter on a conducting 4H-SIiC wafer. hay are |ocated far away on either side of the desired IF signal,
The single-balanced mixer circuits with a diode in each arm

(two diodes total) were tested at 200 MHz (VHF) and 1.5 GHz namely,f1 __fLO’_in the IF band. The second-order IMD prod-
[global positioning system (GPS)]. The experiments show that UCts are serious in the case of wide-band systems and are com-

the conversion loss/input third-order intercept point (IP3) are monly specified as an input second-order intercept pairg)(
8.0 dBH-25 dBm and 7.5 dBA-22 dBm at these frequencies, re- [4]. The signals resulting from the interaction at frequencies
spectively. The measured second-order intercept point (IP2) over (2f1 — f2) — fro and(2fs — f1) — fro are the third-order

the VHF frequency band is+38 dBm. The above conversion-loss . .
values are qaboutythe samt as that of commercially available IMD pr_oducts and are located very close to the d,es"e_d IF signal.
single-balanced mixers with silicon Schottky-barrier diodes. The third-order IMD products are the most serious in the case
However, to achieve a comparable input IP3 performance with Si of the above instruments since the bandwidth of these systems
gchglttk)l;-t;arrierddio_des, a 2;]0[9 C%mlﬂex mixer ﬁesign i?V0|Vin% is narrow. Thus, the third-order IMD is a measure of the mixer
ouble-balanced mixers with two diodes in each arm of a quad |; ; ; P ; oy .
(eight diodes total) is required. Applications include RF-based lineavity and is commonly Spe0|f|ed as an input third-order in
navigational instruments on board commercial/general aviation tercept point[P3) [4]. The higher tth?“.the lower the IMD
aircraft and GPSs. products are and, consequently, the spurious-free dynamic range

_Index Terms-Global - positioning - system - (GPS), ° Y;/]Idti; literature, several schemes have been proposed to
intermodulation distortion (IMD), mixers, Schottky diodes, - '
silicon carbide (4H-SiC), VHF circuits. suppress diode mixer IMD products [5]-[7]. The schemes
include adding resistance in series with the diodes, or using
two or more diodes in series, or using diodes with higher
turn-on voltage. The disadvantage of the first scheme is higher
LECTROMAGNETIC (EM) emissions from carry-on conversion loss, while the penalty of the second scheme is
electronic devices can potentially degrade the minimuhigher cost and lower reliability because of the increased
detectable signal level of important RF-based navigationaémber of components. The third scheme was not validated
instruments on board commercial and general aviation aircrgfitil the experiments using Schottky-barrier diodes with higher
[1]-[3]. In some situations, the interfering signal frequencigsirn-on voltage fabricated from wide-bandgap semiconductor
may not coincide, but may be very close to the navigationalaterial [silicon carbide (SiC)] were reported [7]. Furthermore,
instruments operating frequencies. For example, the lowd&3e linearization scheme in [6] requires two double-balanced
frequencies used for VHF omni-directional range (VOR) anatixers, two power dividers, a power combiner, two phase
instrument landing system (ILS) localizer instruments are jushifters, two attenuators, two filters, and two amplifiers. The
above commercial FM broadcast frequencies. In such cases,disadvantage of this approach is that it requires many more
intermodulation distortion (IMD) products are located adjaceapmponents and, hence, is more difficult to implement. The Si
to the desired signal spectrum at the output. The IMD produéisd SiC Schottky-barrier diodes have a forward bias turn-on
are generated because of nonlinear circuits, such as mixaedfage of approximately 0.3 and 1.0 V, respectively. Since
within the instruments. the local oscillator (LO) drive power is proportional to the
The IMD products could be second, third, fifth order, etcgquare of the voltage, this translates into an order of magnitude
[4]. The second-order IMD products takes place when a secondrease in the turn-on power requirement for the SiC diode
signal (f») arriving at the mixer RF port interacts with the de{7], [8]. The assumption here is that the LO current waveform
in the SiC and Si diodes are similar. Other properties of SiC
Manuscri . o s wore higher RF burn-out levels, high breakdown field strength,
pt feceived March 28, 2002; fevised October 15 2002 This W(}Eg h thermal conductivity, and a high-saturation electron drift
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Fig. 1. Schematic showing the cross section of the SiC Schottky-barrier mixer (b)

diode. Fig. 2. Schematic of the experimental single-balanced mixer circuits. (a) For

the VHF band with 3-dB 90hybrid coupler. (b) For GPS band with 3-dB 80
] ] _ hybrid coupler.
commercially available more complex double-balanced mixers

with eight Si Schottky-barrier diodes. 35 |

II. SiC DIODE FABRICATION 30 |

The SiC Schottky-barrier diodes were fabricated on a com- 25 .

mercially purchased (silicon-face 0.086 cm) n-type 4H-SiC 5 r N

substrate with homoepitaxial layers of doping and thickness  § 20 F

depicted in Fig. 1. The as-received wafer was thinned from S ¥

the backside to a thickness around 0.2 mm. In the first step, é 15 -

the opposite side of the wafer was metallized with nickel and o C °

furnace annealed at high temperature to form the cathode con- é 10 & ® e . B

tact. The second step was the Schottky-barrier metal deposition ; LIS
(0.1-um-thick gold) and patterning using a liftoff process for

the anode. Diodes with diameters ranging from 5 tq.60are ° [

fabricated on each 1 mm 1 mm die arrayed on the wafer. 0 E e e
Third, an insulating layer to support a large anode contact 10 15 20
pad is applied to a thickness of 1;6n by a multiple appli- Local Oscillator Power P (dBm)

cation of spin-on-glass (SOG). Fourth, using photoresist and

dry etching, the SOG over the anode was removed creatingi@ 3. Conversion loss as a function of the LO pow®gr = 11.0 dBm,
circular via opening. Fifth, the large anode contact pad (0 frr = 195 MHz, fro = 175 MHz, d = 50 um.

x 100 um) was fabricated using gold by a liftoff process. In

this step, the circular opening was also metallized to ensuke VHF Mixer Circuit Characteristics

continuity between the anode and the contact pad. The wafefrhe measured conversion loss as a function of the LO power

was initially dc probed and then sawed into individual die@DLO) at a constant RF signal input pow@gr) is shown in
for wire-bond packaging and RF characterization. Fig. 3. In this figure,fLo and frr denote the frequency of the
LO and RF signals, respectively. It is observed thatPas
lll. SiC MIXER CIRCUITS increases from approximately9.0 dBm to approximately

The diodes were characterized for linearity by inserting thernl® dBm, the conversion loss monotonically reduces to a
into single-balanced mixer circuits. The mixer circuits for th@!inimum value of approximately 8.0 dB. The upper limit of
VHF and global positioning system (GPS) bands are shownt2 4BM forl’Lo was set by the maximum power output of
schematically in Fig. 2(a) and (b), respectively. Full detail§'® Synthesizer used in the experiment.
of two-tone second-order/third-order IMD measurements 1€ measured conversion loss as a function of the RF power
including complete equipment schematic can be found in [gelyafixed LO power is shown in Fig. 4. This figure shows that the

The operation of a single-balanced mixer is well known anrcpnversion loss remains constant at approximately 8.0 dB when
can be found in [10]. the RF power is increased from35.0 dBm to approximately

+5.0 dBm.
The measured conversion loss as a function of the IF at a fixed
RF and LO power is shown in Fig. 5. This figure shows that the
In this section, the experimental results for single-balancednversion loss is a minimum at an IF of 15 MHz and is equal
mixers operating at VHF and in the-band for general aviation to 7.0 dB. The conversion loss increases to 9.0 dB at the band
and GPSs are presented, respectively. edges.

IV. EXPERMENTAL RESULTS AND DISCUSSIONS



SIMONS AND NEUDECK: IMD PERFORMANCE OF SiC SCHOTTKY-BARRIER RF MIXER DIODES 671

) 40, e e
& 15 e e r e %
@ r ] R i Intercept T ]
S 10 r o 1S 20 i Point | 7
. r ° ° e 0 00000 ® 1 % L IP_=+38 dBm / '
r o o ° ] z 2 |
2 5 et - ! |
pa r ] [} -
o r ] o 0 B R 4 |
c O v v b b by by d L L 4
- Fund. tal I
S8 50 -40 -30 -20 -10 0 10 20 = Signal 1
Input RF Power P__ (dBm) G;'J .20 |..(Stope = 1) |
| i
$ -~ |
Fig. 4. Conversion loss as a function of the input RF powero, = ‘g_ -40 / |
+19.0 dBm, frr = 195 MHz, fro = 175 MHz, fir = 20 MHz, 5 d0rd |
d =50 um ] / 2nd Order
pm. [ Signal | 4
3 (Slope = 2) | -
-60 L L L TR B AT L
R -40 -20 0 20 40
m
E 15 :v T TT T T 1T T T T T TTTT T V: Input Power in Each Tone (dBm)
8 10 :
S 101 * o e ! o o o ° 1 Fig. 7. Power output at the IF port as function of the input power in each tone.
c F ) L4 b 1 fi = 155 MHz, f, = 160 MHz, fr.o = 250 MHz, Pr.,o = +20.0 dBm,
S F ]
&  SF . d = 50 pm.
o g 1
g [} SRR AT PRI AT IR B
(&) 5 10 15 20 25 30 35 40 @ 15
Intermediate Frequency (MHz) e . ]
2 10
- r i
Fig.5. Conversion loss as a function of the IF frequefiy. = —10.0 dBm, c L ® e 9 0 0 0 0 4 4 ¢ o
PLo = +19.0dBm, fLo = 175 MHz, frr = variable,d = 50 um. -g 5L .
§ F ]
g [ ) S RTINS STV ENAATETI ATATAETI ST SR
L R e o o o B o S SN T o 50 40 -30 -20 -10 0 10 20
I ?:‘?e%gg{ / Input RF Power P__ (dBm)
S 20 |- Point )
% L P, = +25 dBm 1 Fig. 8. Conversion loss as a function of the input RF powgro, =
;'__.' 0 ‘,_ ] +19.5 dBm, frr = 1.5845 GHz, fro = 1.5645 GHz, fir = 20 MHz,
S i ’,u" ! d = 25 pm.
w I Fundamental I
- 20 L Signal |
w© | (Slope = 1) T |
5 L GOGB: XX [ 40 ARRRRBARANARRANRARANREASNRAARS RRRRN RN
1 -
g -40 Spurious} % r 3rd Order j
o L Freer b —~ ool Intercept g y
5 e Dynamic! 3rd Order | € r Point gy i
=3 [ Rangel Signal | o L IP_=+22 dBm / i
5 60 ¢ g ' (Slope = 3)j"] z L 3 /\ :
o [ | 1 Spectrum 5 0 3 [
----- e e -————————-ag— Analyzer o i "" 1
< Yo Jj INEFININS IS BRSPS PRI I I Noise Floor w r Funqamental / | ]
40 -30 20 -10 0 10 20 30 % 20 (sglgga_l " o [
Input Power in Each Tone (dBm) 5 L // l ]
§ -40 | % . —
Fig. 6. Power output at the IF port as function of the input power in each tone. = [ / [
f1 =199.9 MHz, f> = 200.1 MHz, f.o = 175 MHz, P, = +19.0 dBm, a < 3rd Order |
d = 50 pm. 5 -60 Signal .
o r (Slope = 3)
e Ty R I [ DI
) ) ) . . 80 Ll b b A e e 1 Noise Floor
The third-order intercept poinil?3) is experimentally deter- -50 -40 -30 20 -10 0 10 20 30
mined as outlined in [4], [5], and [9]. For the VHF mixer circuit Input Power in Each Tone (dBm)

with SiC Schottky-barrier diodes, the measured power output at ' _ _
the IF port as a function of the input power in each tone is shoxggﬁf- N ; ower gﬁg“;a“:hel";;’Sofzaéwznc;:’o” i”{%’?ﬁ’iépé’ﬁif}?iaf tone.
in Fig. 6. The frequency of the two tones and the LO power g 5 4gm, d = 25 um.
are indicated in this figure’s caption. The indlt; is approx-
imately +25 dBm. The spurious-free dynamic range shown in ) o o
Fig. 6 is approximately 60 dB. B. GPS Mixer Circuit Characteristics

In an analogous manner, the second-order intercept poinThe conversion loss as a function of the input RF power at
(IP2) is also experimentally determined. The measured characfixed LO drive level is shown in Fig. 8. The conversion loss
teristics, the frequency of the two tones, and the LO power dgeobserved to remain constant at approximately 7.5 dB over
presented in Fig. 7. The inpiliP, for the VHF mixer circuit is the input power range. This value of conversion loss is about
approximately+38 dBm. the same, as that reported in [11] for an SiC single-balanced
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mixer. The intercept diagram is shown in Fig. 9. The iniitg [8] ——, “Wide dynamic range RF mixers using wide bandgap semicon-

is approximately-22 dBm. The spurious-free dynamic range is ductors,” U.S. Patent 6 111452, Aug. 29, 2000.
imatelv 60 dB [9] RF/IF Designer’s HandboglMini-Circuits Div., Sci. Comp., Brooklyn,
approximately . NY, 1992, pp. 1-18 and 1-42.

The conversion-loss value in the above measurements o] S. A. MaasMicrowave Mixers Dedham, MA: Artech House, 1986,
about the same as that of a commercially available single-bal- = pp. 229-238. _ o
anced mixer with silicon Schottky-barrier diodes. Hp_vvever,[“] ;ctirr'éigr'“ff; g(éogcﬁc.)ttzlglacti?o,da;(rjniﬁés’oﬂ;lzrtneinéc?(argunm?/%?. char-
to achieve a comparable inpiliP; performance with silicon 338-342, 2000, pp. 1207-1210.
Schottky-barrier diodes, a more complex design involving d12] Eng. Dept., Mini-Circuits, “How to select a mixeWireless Design &
double-balanced mixer with two diodes in each arm of a quad ~ Pevelopmentno. 4, pp. 14-16, 1997.
is required [9], [12]. Thus, a total of eight silicon diodes in a
double-balanced configuration is required to achieve the same
performance as two SiC diodes in a single-balanced circl . ] Rainee N. Simons (S'76-M'79-SM'89-F'00)
The SIC single-balanced mixer also compares favorably wi < o L?g:t'i‘fndstzﬁg?ﬁzéﬂﬁg'ﬁim f}:gcﬁzgﬁfeaﬂgisggigf'
mixers based on the linearization technique [6], which requir Mysore, India, in 1972, and the M.Tech. degree
far greater circuit complexity and more components.

in electronics and communications engineering
from the Indian Institute of Technology, Kharagpur,
India, in 1974, and the Ph.D. degree in electrical
engineering from the Indian Institute of Technology

. L . (IIT), New Delhi, India, in 1983.

This paper has presented the fabrication of SiC Schottky-b In 1979, he began his career as a Senior Scientific
rier mixer diodes, as well as the results of conversion lo Officer with the IIT, where he was involved with
and two-tone intermodulation measurements conducted fsfine components for milimeter-wave applications aid-band toroidal

. . . - R . .Adatching ferrite phase shifters for phased arrays. Since 1985 he has been
smgle—balanced SiC diode mixer circuits with Only two Si ith the Communications Technology Division (CTD), NASA Glenn Re-

diodes. These circuits are configured to operate over the Viddarch Center (GRC), Cleveland, OH, where he is currently the Chief of the
and GPS frequency bands. The experiments demonstriagstron Device Technology Branch. While with the NASA GRC, he has

; : ; been involved with optical control of MESFET and high electron-mobility
that the conversion |OSS/|npl]P3 is 8.0 dBA-25 dBm and ransistor (HEMT) devices, high-temperature superconductivity, modeling of

7.5 dBA-22 dBm over these frequency pands, respectivelgplanar waveguide/stripline (CPW/CPS) discontinuities, CPW feed systems
The 1P, over the VHF frequency band i-38 dBm. The for printed antennas, linearly tapered slot arrays, packaging of monolithic

above conversion-loss values are about the same as thafigfowave integrated circuits (MMICs), SiC diode mixers, and RF micro-

. . . . - o lectromechanical systems (MEMS). He is currently involved in the area of
commermally available Smgle'balanced mixers with silico tellite-borne microwave systems for communications and remote sensing of

Schottky-barrier diodes. However, to achieve a comparale Earth’s environment. He was authored or coauthored over 120 publications
input IP3 performance with silicon Schottky-barrier diodes, & refereed journals and international symposium proceedings. He authored

more complex design involving double-balanced mixers wi ptical Control of Microwave D?v!ceﬁdomood, MA: Artech Housg, 1990).
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